Temperature dependence of planktonic metabolism in the subtropical North Atlantic Ocean by L. S. García-Corral et al.
Biogeosciences, 11, 4529–4540, 2014
www.biogeosciences.net/11/4529/2014/
doi:10.5194/bg-11-4529-2014
© Author(s) 2014. CC Attribution 3.0 License.
Temperature dependence of planktonic metabolism in the
subtropical North Atlantic Ocean
L. S. García-Corral1, E. Barber1, A. Regaudie-de-Gioux7, S. Sal2, J. M. Holding1, S. Agustí1,3, N. Navarro4, P. Serret5,
P. Mozetiˇ c6, and C. M. Duarte1,3
1Department of Global Change Research, IMEDEA (CSIC-UIB) Instituto Mediterráneo de Estudios Avanzados , Miquel
Marqués 21, 07190 Esporles, Spain
2Centro Oceanográﬁco de Gijón, Instituto Español de Oceanograﬁa, Avenida Principe de Asturias, 70 bis, 33212 Gijón, Spain
3The UWA Oceans Institute and School of Plant Biology, University of Western Australia, 35 Stirling Highway, Crawley
6009, Australia
4Área de Biodiversidad y Conservación ESCET, Universidad Rey Juan Carlos, Tulipán s/n, Móstoles, 28933 Madrid, Spain
5Departamento de Ecología y Biología Animal, Universidad de Vigo, 36200, Spain
6National Institute of Biology, Marine Biology Station, Fornace 41, 6330 Piran, Slovenia
7Laboratório Aquarela, Centro de Biologia Marinha da Universidade de São Paulo (CEBIMAR), Rodovia Manoel Hypólito
do Rego, Km 131.5 Praia do Cabelo Gordo, São Sebastião 11600-000, SP, Brazil
Correspondence to: L. S. García-Corral (lgarcia@imedea.uib-csic.es)
Received: 22 January 2014 – Published in Biogeosciences Discuss.: 26 February 2014
Revised: 27 June 2014 – Accepted: 21 July 2014 – Published: 27 August 2014
Abstract. The temperature dependence of planktonic
metabolism in the subtropical North Atlantic Ocean was as-
sessed on the basis of measurements of gross primary pro-
duction (GPP), community respiration (CR) and net com-
munity production (NCP), as well as experimental assess-
ments of the response of CR to temperature manipula-
tions. Metabolic rates were measured at 68 stations along
threeconsecutivelongitudinaltransectscompletedduringthe
Malaspina 2010 Expedition, in three different seasons. Tem-
perature gradients were observed in depth and at basin and
seasonal scale. The results showed seasonal variability in the
metabolic rates, the highest rates being observed during the
spring transect. The overall mean integrated GPP/CR ra-
tio was 1.39±0.27 decreasing from winter to summer, and
the NCP for the subtropical North Atlantic Ocean during
the cruises exhibits net autotrophy (NCP>0) in about two-
thirds (66%) of the total sampled communities. Also, we re-
ported the activation energies describing the temperature de-
pendence of planktonic community metabolism, which was
generallyhigherforCRthanforGPPinthesubtropicalNorth
Atlantic Ocean, as the metabolic theory of ecology predicts.
Furthermore, we made a comparison of activation energies
describing the responses to in situ temperature in the ﬁeld
(EaCR = 1.64±0.36eV) and those derived experimentally
by temperature manipulations (EaCR = 1.45±0.6eV), which
showed great consistency.
1 Introduction
The metabolic status of plankton communities is a funda-
mental property controlling the role of plankton communi-
ties in the ocean’s carbon budget (Duarte et al., 2011, 2013).
In particular, net community production (NCP), the differ-
ence between gross primary production (GPP) and commu-
nity respiration (CR), determines whether plankton commu-
nities act as CO2 sinks (autotrophic communities, NCP>0)
or CO2 sources (heterotrophic communities, NCP<0).
Recent analyses suggest that seawater temperature is a
driver of plankton community metabolism (Regaudie-de-
Gioux and Duarte, 2012), consistent with the metabolic the-
ory of ecology (MTE, Gillooly et al., 2001; Brown et al.,
2004), which predicts that both GPP and CR should in-
crease with increasing temperature. MTE also expects that
the activation energy (Ea) for respiration should be higher
than for photosynthesis (Harris et al., 2006), as conﬁrmed by
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observations (López-Urrutia et al., 2006; Regaudie-de-Gioux
and Duarte, 2012). Hence, plankton respiration rates are ex-
pected to increase faster with ocean warming than production
rates.Consequently,oceanwarmingshouldleadtoaweaken-
ing of the CO2 uptake by ocean biota, and may lead to a pos-
sible positive feedback in the carbon global budget (Duarte
et al., 2012, 2013).
Resolving the temperature dependence of planktonic com-
munity metabolism is fundamental to predict the future role
of plankton in the carbon budget of a warmer ocean. How-
ever, research on ocean planktonic community metabolism is
still limited spatially and temporally, with measurements fo-
cused on restricted areas such as the NE Atlantic Ocean, the
eastern Arctic Ocean, the Southern Ocean and the Mediter-
ranean Sea (Robinson and Williams, 2005; Regaudie-de-
Gioux and Duarte, 2013). Even in the North Atlantic Basin,
the most intensively studied area of the world’s ocean, there
is a paucity of estimates of net community metabolism in the
western basin.
The North Atlantic Ocean plays an important role as a sink
of atmospheric CO2 (Sabine et al., 2004). However, it has
been warming since the 1950s and its heat content has been
increasing faster than the mean ocean rate (0.3Wm−2), ex-
ceeding 8.0Wm−2 in the midlatitudes of the northwestern
basin (Levitus et al., 2000, 2005). In addition, the subtropical
North Atlantic Ocean shows a strong longitudinal and latitu-
dinal temperature gradient, increasing from northwest Africa
to northeast America, mainly due to inﬂuence from the Gulf
Stream and North Atlantic Current (Marshall et al., 2001).
This temperature gradient suggests that metabolic rates may
vary spatially and that the current warming trend may af-
fect planktonic communities differentially in the western and
eastern basins of the North Atlantic Ocean, which experience
different thermal regimes.
Here we assess the seasonal and regional variability of
plankton metabolic rates in the subtropical North Atlantic
Ocean. We do so on the basis of near-zonal cruises conducted
along three seasons (Leg 1 in winter, Leg 2 in spring and Leg
3 during summer) in 2011. We also assess the thermal control
on plankton metabolic rates, based on the in situ incubations
and experimental temperature manipulations to examine the
temperature dependence of community respiration rates.
2 Materials and methods
2.1 Sampling site and study area
The study was conducted in the framework of the Malaspina
2010 Expedition, a circumnavigation project that included
three zonal cruises along the subtropical North Atlantic
Ocean, encompassing a latitudinal range spanning from
12.4◦ N to 41.6◦ N and a large longitudinal variation from
−79.2◦ E to −14.7◦ E (Fig. 1). The ﬁrst cruise (Leg 1) was
conducted on board Spanish R/V Sarmiento de Gamboa,
Figure 1. Map showing the stations occupied in Leg 1–winter
(black circles), Leg 2–spring (white circles) and Leg 3–summer
(white squares) during the Malaspina 2010 Expedition and the
Longhurst Provinces crossed in the study.
sailing from the Canary Islands (Spain) to Florida (USA)
along the 24◦ N parallel between 28 January and 9 March
2011, during the winter season. The second cruise (Leg 2)
was also conducted on board Spanish R/V Sarmiento de
Gamboa, which sailed from Santo Domingo (Dominican Re-
public) to Vigo (Spain) from 23 March to 8 April, during
spring of 2011. The third and last cruise (Leg 3) was carried
out on board Spanish R/V Hespérides sailing from Cartagena
de Indias (Colombia) to Cartagena (Spain) during the sum-
mer of 2011, between 20 June and 10 July.
The three cruises included stations within ﬁve of the dif-
ferent biogeographical provinces described by Longhurst
(Longhurst, 1998, 2007). Sampled stations were mostly con-
centrated in 3 provinces: the North Atlantic Subtropical Gyre
Province East (NASE or NAST-E), including 4 stations in
winter, 3 in spring and 7 in summer; the North Atlantic Sub-
tropical Gyre Province West (NASW) with 7 stations in win-
ter and 6 in spring; and the North Atlantic Tropical Gyre
Province (NATR), with 23 stations in winter, 3 in spring and
8 stations in summer. The data set also included stations in
the Caribbean Province (CARB) with one station in spring
and ﬁve during summer; only one station was sampled within
the North West Coastal Atlantic Shelves Province (NWCS)
during the winter cruise (Table 3, Fig. 2).
Totalconcentrationofchlorophylla (Chla),forspringand
summer cruises was determined ﬂuorometrically (following
Yentsch and Menzel, 1963) by acetone extraction of chloro-
phylla onthecellsretainedinGF/Fﬁltersafterﬁltering200–
500mLsamples(Estrada,2012).Chlorophyllaoncruise1in
the winter was estimated from calibrated CTD ﬂuorescence
data (R2 = 0.92, p < 0.001).
2.2 Community metabolism
Metabolic rates of the planktonic communities were mea-
sured at 35, 13 and 20 stations in Leg 1 (winter), Leg 2
(spring) and Leg 3 (summer), respectively, yielding a total of
68 stations (Fig. 1). During the three cruises seawater was
Biogeosciences, 11, 4529–4540, 2014 www.biogeosciences.net/11/4529/2014/L. S. García-Corral et al.: Temperature dependence of planktonic metabolism 4531
sampled at three different depths within the photic layer:
the deep chlorophyll maximum (DCM, 114.1±4.1m),
which receives, on average, 1% of the incident irradi-
ance; surface waters (4.5±2.5m); and an intermediate depth
(43.1±2.5m) between surface and DCM, receiving 20% of
the incident radiation on the surface. Both DCM and inter-
mediate depths were sampled using a Rosette sampler sys-
tem ﬁtted with a calibrated Sea-Bird SBE 9 CTD and 12L
Niskin bottles. Surface waters were sampled manually with
a 30L Niskin bottle during summer and with a Rosette sam-
pler system in winter and spring. All seawater samples were
directly siphoned from Niskin bottles into calibrated 100mL
borosilicate glass narrow-mouth Winkler bottles using a sili-
con tube.
For each depth, seven replicates were ﬁxed (biological ac-
tivity immediately stopped), to provide the initial oxygen
concentration. The two other sets of seven replicates, dark
and transparent, were ﬁlled and incubated for 24h. The sur-
face communities were incubated on deck for 24h in a large
2000 liter tank with continuous circulation of surface sea-
water to maintain the temperature of the surface waters and
natural solar radiation. Bottles were covered with neutral
screens to reduce incident radiation by 20%, in addition to
the 8 to 12% reduction in photosynthetically active radiation
transmittance by the bottles themselves (Agustí et al., 2014).
The light conditions experienced by the incubated commu-
nities mimic those in the upper layer of the ocean but rep-
resent only an approximation, as the changes in the light
environment due to mixing were not reproduced. For inter-
mediate and DCM depths, the dark and transparent bottles
were placed inside opaque PVC and transparent polycarbon-
ateincubationcylinders,respectively.Transparentincubation
tubes were ﬁtted with a combination of neutral density (LEE
210) and blue (HT061 Mist, 62.4% transmission) ﬁlters to
simulate the irradiance levels experienced by the community
at their original sampling depth. Incubation tubes were ﬁlled
with surface seawater and connected to a closed circuit pump
incubator with a temperature control, holding the tempera-
ture within±0.5 ◦C of the in situ temperature and set accord-
ing to the temperature proﬁle retrieved from the CTD cast. At
the end of the incubation period, light and dark bottles from
each depth were ﬁxed to determine ﬁnal O2 concentrations.
Planktonic metabolism was evaluated from changes in dis-
solved oxygen concentrations, which were determined by au-
tomated high-precision Winkler titration with a potentiomet-
ric end-point Metrohm 808 Titrando (Oudot et al., 1988). CR
and NCP were calculated from changes in dissolved oxygen
concentrations, before and after incubation of samples un-
der “dark” and “light” conditions, respectively, and GPP was
calculated as NCP+CR. We used 0.01 N (SD±0.000141)
thiosulfate solution and the reagents recommended by Carrit
and Carpenter (1966).
Volumetric metabolic rate estimates (GPP, CR and NCP)
forthethreedifferentcruisesweretestedfornormalitybefore
statistical analysis via Shapiro–Wilk tests with a 0.05 signif-
icance level, and homogeneity of variances was tested using
the Levene test. When GPP, CR and NCP estimates deviated
from a normal distribution (p > 0.05), a Kruskal–Wallis test
was used to compare variables. The Kruskal–Wallis test is a
non-parametric equivalent to a one-way analysis of variance
by ranks. It tests the null hypothesis that three or more groups
all come from the same distribution. It uses the ranks of data
and is therefore resistant to outliers. Metabolic rates are ex-
pressed as mmolO2 m−3 d−1 and speciﬁc metabolic rates as
mmolO2 mgChla−1 d−1.
Integrated metabolic rates were calculated by adding up
the weighted-average rate between consecutive sampling
depths, from the surface layer to the DCM (1%PAR) and
standard errors were calculated using error propagation. Be-
cause the depth of integration differed, for comparisons we
used the depth-averaged rate, calculated as the ratio between
the mean integrated rate and the depth of integration.
2.3 Experimental assessment of the
temperature dependence of community
respiration rates
During the spring, we performed experimental temperature
manipulations at each of the 13 sampled stations to test the
responseofplanktonicCRratestotemperatureincrease.Sea-
water was sampled from 10m above the DCM and incubated
at different temperatures. At this depth (10m above DCM)
plankton communities receive more light than at the DCM
(Teira et al., 2005), but experience almost the same physi-
cal and chemical conditions, so production and biomass are
expected to be close to the highest values in the water col-
umn. The chlorophyll maximum is somewhat deeper than the
depth of maximum photosynthetic rate and of the biomass
maximum for photosynthetic cells. In the Atlantic Ocean the
DCM is generally not a biomass maximum but rather the re-
sult of a decrease of the carbon to chlorophyll a ratio with
depth (Marañón et al., 2000). Seawater was siphoned into
calibrated dark 100mL Winkler bottles and incubated into
opaque PVC tubes to protect them from light. Seven initial
replicates were used to determine the initial oxygen concen-
tration, and a set of seven replicates each were incubated in
different temperature treatments. We mimicked four temper-
atures of the in situ proﬁles: (1) in situ temperature at 10m
above DCM depth (81±6m), (2) a temperature correspond-
ing to the intermediate depth (45±2.5m), (3) surface (5–
6m) temperature, and (4) 3 ◦C above surface temperature.
The resulting range of the experimental temperatures for in-
cubations varied between 3 and 7 ◦C across the experiments
performed. Experimental bottles were incubated for 24h as
indicated above and the CR rates were determined following
the same methodology as outlined above.
Whereas the experimental assessments use the same
community, the evaluation of the temperature dependence
of metabolic rates across stations is confounded by the
changes in community. Indeed, previous examinations of
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Table 1. Mean (±SE) temperature (◦C) and chlorophyll a (mgChl a m−3) for the three sampled depths in Leg 1–winter, Leg 2–spring and
Leg 3–summer.
Winter (leg 1) Spring (leg 2) Summer (leg 3)
Surface 20%PAR DCM Surface 20%PAR DCM Surface 20%PAR DCM
Temperature Mean±SE 23.0±0.17 23.0±0.17 21.3±0.21 19.9±1.15 19.7±1.12 18.8±0.99 25.8±0.64 25.2±0.70 22.4±0.66
(◦C) Range 20.6–24.8 20.6–24.8 19.3–24.3 14.7–25.4 14.7–25.7 14.3–24.8 20.9–29.1 20.8–29.1 17.4–27.4
N 35 32 34 13 13 12 20 19 19
Mean Leg±SE 22±0.13 19.5±0.62 24.5±0.42
Chlorophyll a Mean±SE 0.13±0.01 0.15±0.01 0.30±0.02 0.35±0.14 0.31±0.12 0.25±0.10 0.1±0.02 0.09±0.01 0.43±0.03
(mgm−3) Range 0.08–0.23 0.10–0.25 0.14–0.51 0.02–1.63 0.03–1.56 0.03–1.32 0.04–0.31 0.05–0.21 0.22–0.77
N 35 32 34 11 12 12 20 20 20
Mean Leg±SE 0.2±0.01 0.30±0.07 0.21±0.02
the temperature dependence of metabolic rates have demon-
strated that bulk rates (i.e., mmolO2 m−3 d−1) are depen-
dent on both community biomass and temperature, with the
biomass-speciﬁc rate being the component that is tempera-
ture dependent and conforming to the temperature depen-
dence expected by the Arrhenius law and metabolic theory
(e.g., Regaudie-de-Gioux and Duarte, 2012). Metabolic the-
ory states that metabolic rates are a function of biomass
and temperature (Brown et al., 2004), whereas biomass is
not necessarily temperature dependence, so that use of bulk
rates conceals the role of temperature. Moreover, previous
research on the temperature dependence of metabolic rates
shows that the most effective metric to standardize for com-
munity biomass is chlorophyll a concentration both for GPP
and CR (Regaudie-de-Gioux and Duarte, 2012).
Hence, we standardized the rates per unit chlorophyll a to
allow for cross-station comparison of temperature-dependent
metabolism and comparisons of experimental assessments
with previous assessments.
The activation energy (Ea) was derived from the slope
of the Arrhenius plot, which shows the relationship of
the natural logarithm of Chl a-standardized CRChl a and
GPPChl a rates (mmolO2 mgChla−1 d−1) with the inverted
water temperature (1/kT) where k is the Boltzmann’s con-
stant (8.617734×10−5 eVK−1) and T is the temperature
in Kelvin degrees (◦K) (Gillooly et al., 2001; Brown et al.,
2004).
2.4 Satellite images
Satellite images were retrieved from the AQUA MODIS (or
Moderate Resolution Imaging Spectroradiometer) satellite.
In order to make a unique map for each cruise, images of
chlorophyll a and surface water temperature were created us-
ing an average of 8 days from the central day station of the
cruise (i.e, Leg 1 (winter): central date was 19/02/2011 and
the average image was from 18/02/2011 to 25/02/2011). The
information was processed with the SeaDAS software and
maps were created using ArcGis software by Esri.
3 Results
All three cruises were characterized by a gradient of cooler
waters in the eastern basin to warmer waters in the west-
ern basin (Figs. 2a and 3b). Seasonal temperature differences
were also signiﬁcant (Kruskal–Wallis test, p < 0.0001) with
mean temperature (±SE) of 22.4±0.13 ◦C during the North-
ern Hemisphere winter, 19.5±0.6 ◦C during spring (where
stations were at generally higher latitudes) and warmer
temperatures (24.4±0.4 ◦C) during summer. The seawater
temperature also declined by about 1.7 ◦C (winter), 1.1 ◦C
(spring), and 3.7 ◦C (summer) from the surface to the DCM
depth (Table 1, Fig. 2a). The deep chlorophyll maximum
depth (ZDCM), varied greatly from a minimum of 20m in
spring to a maximum of 165m in winter, with a mean value
of 114±4 m for all stations (Table 2, Fig. 2b).
Chlorophyll a concentrations showed temporal and
spatial variations. The mean (±SE) chlorophyll a concen-
tration was similar in winter and summer (0.20±0.01
and 0.21±0.02mgChl a m−3, respectively), but
higher concentrations were measured during spring
(0.30±0.07mgChl a m−3). This difference is due to the
maximum value of chlorophyll a measured at the east-
ern basin in surface waters (1.63mgChl a m−3, Table 1,
Fig. 2b). The satellite imagery revealed a region of high
chlorophyll a concentrations in the eastern basin, affected
by the northwest African upwelling (Fig. 3a). Most of the
stations were occupied within the highly oligotrophic waters
of the subtropical gyre, except for the northern stations in
the eastern basin during spring, which extended to more
productive waters (Figs. 2b and 3a). Chlorophyll a concen-
trations decreased signiﬁcantly with seawater temperature
(R2 = 0.19, p < 0.0001, N = 194) and increased with
depth from surface waters to DCM depths in winter and
summer. In spring, higher chlorophyll a concentrations were
found in surface and 20% PAR depths than at the DCM
(Table 1, Fig. 2b), which indicates a ﬂuorescence instead of
a chlorophyll maximum.
Sea surface salinity showed signiﬁcant differences
(Kruskal–Wallis test, p < 0.0001), between seasons, with
lower values during spring (mean±SE; 36.5±0.06) and
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Figure 2. Contour plots for (a) temperature (◦C), (b) chlorophyll a (mgChl a m−3) and (c) salinity of the proﬁles sampled (black lines)
in Leg 1–winter, Leg 2–spring and Leg 3–summer. Black points indicated the three sampled depths (surface, 20% PAR and DCM) in each
station.
higher values during summer (36.8±0.08) and winter
(37±0.03). The lowest value was found at the Caribbean
Province (35.9±0.13), probably due to equatorial water
that carries a summer seasonal Amazon signal (Dessier and
Donguy, 1994), while the high evaporation and lack of river-
ine inputs close to the NATR Province resulted in higher
salinity (37±0.03) for the open ocean region (Fig. 2c).
The overall mean (±SE) of volumetric CR rate for
the study area was 1.70±0.23mmolO2 m−3 d−1. CR rates
showed a minimum during winter and summer in deep and
cold waters (0.01±0.27mmolO2 m−3 d−1 at 103m, 21.5 ◦C
and 0.01±0.15mmolO2 m−3 d−1 at 100m, 18 ◦C, respec-
tively)andamaximumduringsummerintheCaribbeanshal-
lower and warmer waters (28.42±0.11mmolO2 m−3 d−1 at
23.5m, 28 ◦C). Mean volumetric CR rates were lower dur-
ing winter at the three sampled depths, and higher rates were
observed during spring and summer cruises (Fig. 6a).
The overall mean (±SE) volumetric GPP rate for the
study area was 1.42±0.16mmolO2 m−3 d−1. GPP followed
similar patterns as CR, varying from below detection limit
during the winter and summer cruises in surface waters to
a maximum value of 18.01±0.11mmolO2 m−3 d−1 in the
warmest Caribbean waters during summer. The highest mean
GPP rates were measured during spring at the three sampled
depths (Fig. 6b).
The overall mean (±SE) NCP rate was positive, in-
dicative of autotrophic planktonic metabolism across sea-
sons (0.19±0.24mmolO2 m−3 d−1). NCP did not differ sig-
niﬁcantly among cruises (Kruskal–Wallis test, p > 0.05),
whereas CR and GPP were signiﬁcantly higher for the spring
cruise (Kruskal–Wallis test, p < 0.0001). NCP did, how-
ever, show contrasting vertical patterns in each season. The
communities sampled during winter were net autotrophic
(NCP>0) from surface to DCM. During spring, autotrophic
communities prevailed in the surface and 20%PAR lay-
ers and heterotrophic communities dominated at the deepest
depths, while summer showed the reverse pattern (Fig. 6c).
The mean integrated GPP rate in spring was 3.8-fold
higher than in summer and 2-fold higher than in winter. The
minimum measured value was observed in winter, while the
maximum was measured during the spring cruise. This pat-
tern was also observed for CR mean integrated rates. The
highest mean integrated CR rate was found in spring and
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Figure 3. Satellite images showing 8-day-average chlorophyll a (a) and surface water temperature (b) from the date of the central station
sampled in winter, spring and summer cruise.
lower and similar mean integrated CR rates were observed
in winter and summer (Table 2).
Integrated NCP rates varied greatly from net autotrophic
(NCP>0) to net heterotrophic (NCP<0) across stations and
seasons. However, the medians of integrated NCP showed
a prevalence of autotrophic communities for winter, spring
and summer cruises (Table 2). The mean (±SE) inte-
grated GPP/CR ratio conﬁrmed an overall net autotrophic
metabolism, with an overall mean of 1.39±0.27 and no
signiﬁcant difference between cruises (Kruskal–Wallis test,
p>0.05). However, it is observed that the mean integrated
GPP/CR ratio decreased from winter to summer (Table 2).
Using integrated rates, autotrophic communities (NCP>0)
represented about two-thirds of the total sampled stations
(68.6, 61.5 and 65% for winter, spring and summer, respec-
tively).
Net autotrophic communities were dominant across the 5
different Longhurst biogeochemical provinces (Longhurst,
1998, 2007) occupied during the three cruises (Table 3).
Mean NCP and CR rates showed no signiﬁcant differences
between provinces (Kruskal–Wallis test, p>0.05), with the
NASE province being the most autotrophic region and the
NASW region the most heterotrophic. However, mean GPP
showed signiﬁcant differences across provinces (Kruskal–
Wallis test, p<0.05), decreasing from the most productive
regions NASE and CARB to NASW, NWCS and NATR,
with the latter being the least productive region. The mean
GPP/CR ratio, however, showed no signiﬁcant differences
between provinces and all showed medians around 1 (Ta-
ble 3).
CRChl a andGPPChl a rates,binnedby1 ◦C,increasedwith
increasing seawater temperature during the spring cruise
(R2 = 0.50, p = 0.01; R2 = 0.60, p = 0.005, respectively).
During winter, CRChl a showed a signiﬁcant temperature
dependence (linear regression, R2 = 0.62, p = 0.036) but
not GPPChl a (R2 = 0.32, p > 0.05). Finally, in summer,
GPPChl a increased with temperature (R2 = 0.36, p = 0.05)
but there was no signiﬁcant relation for CRChl a (R2 =
0.13, p > 0.05) (Fig. 4a, b). The activation energies (Ea)
for CRChl a were higher than those for GPPChl a in winter
and spring, but not in summer (Table 4). The experimen-
tal temperature manipulations showed a signiﬁcant increase
of CRChl a with increasing temperature (R2 = 0.65, p =
0.0009). The Ea derived from the experiments of temperature
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Table 2. Mean (±SE), range, number of observations (N) and median for the integrated metabolic rates (GPP, CR and NCP), GPP/CR ratio
and the depth at which the DCM was located during each season.
Winter (leg 1) Spring (leg 2) Summer (leg 3)
Integrated GPP Mean±SE 1.13±0.16 2.23±0.50 0.58±0.08
(mmol O2 m−2 d−1) Range 0.19–3.29 0.4–6.60 0.33–1.13
N 22 11 9
Median 0.87 2.07 0.50
Integrated CR Mean±SE 1.20±0.21 2.27±0.55 1.14±0.31
(mmol O2 m−2 d−1) Range 0.05–4.30 0.56–7.61 0.28–3.19
N 21 12 9
Median 1.08 1.80 0.92
Integrated NCP Mean±SE 0.27±0.23 −0.18±0.60 0.83±0.61
(mmol O2 m−2 d−1) Range −3.71–4.95 −5.53–3.80 −2.86–10.32
N 34 13 19
Median 0.28 0.26 0.47
GPP/CR Mean±SE 1.74±0.51 1.18±0.20 0.84±0.20
Range 0.14–11.13 0.27–2.35 0.10–1.74
N 21 11 9
Median 1.16 1.17 0.8
ZDCM Mean±SE 119±5 91±13 120±6
(m) Range 35–165 20–156 71 - 161
N 35 13 20
Mean ZDCM ±SE 114±4
Table 3. Mean (±SE), range, number of observations (N) and median of metabolic rates (GPP, CR, NCP) and GPP/CR ratio for the
Longhurst biogeochemical provinces crossed in the study area.
GPP CR NCP GPP/CR
(mmol O2 m−3 d−1) (mmol O2 m−3 d−1) (mmol O2 m−3 d−1)
NASE Mean±SE 2.24±0.49 1.86±0.23 0.60±0.37 2.92±1.59
Range 0.00–11.42 0.01–4.61 63.77–7.86 00.00–55.00
N 34 34 40 34
Median 0.82 1.46 0.23 1.15
NATR Mean±SE 0.90±0.09 1.30±0.22 0.08±0.23 3.43±0.90
Range 0.00–3.69 0.01–16.25 −16.12–5.66 00.00–57.00
N 83 84 100 83
Median 0.66 0.76 0.10 0.99
NASW Mean±SE 1.53±0.21 1.60±0.34 0.00±0.27 2.16±0.41
Range 0.02–5.35 0.06–8.17 −6.63–2.76 0.02–10.17
N 35 35 39 35
Median 1.00 0.92 0.31 1.33
NWCS Mean±SE 1.21±0.21 0.87±0.22 0.34±0.02 1.49±0.19
Range 0.81–1.51 0.43–1.17 0.31–0.38 1.29–1.88
N 3 3 3 3
Median 1.31 1.00 0.34 1.31
CARB Mean±SE 2.27±1.31 4.27±2.40 0.22±2.20 1.35±0.24
Range 0.26–18.01 0.09–28.42 −27.27–27.20 0.04–2.89
N 13 13 18 13
Median 1.00 1.04 0.22 1.12
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Table 4. Activation energy (eV) as the slope of the regression and the parameters of the Arrhenius relationship between the natural logarithm
of chlorophyll a-speciﬁc metabolic rates (mmolO2 mgChl a−1 d−1) binned by 1◦C and inverted temperature (1/kT) for each season and
the temperature manipulation experiments in spring.
Temperature range Rate Intercept±SE Slope±SE R2 p n
Winter (leg 1) 19.3–24.8◦C GPP 29.94±18.17 −0.72±0.46 0.32 0.18 7
CR 55.73±18.90 −1.37±0.48 0.62 0.036* 7
Spring (leg 2) 14.3–25.7◦C GPP 58.52±15.16 −1.41±0.38 0.60 0.005* 11
CR 72.16±23.31 −1.74±0.59 0.50 0.01* 11
Summer (leg 3) 17–29◦C GPP 58.12±25.10 −1.44±0.64 0.36 0.05* 11
CR 50.52±28.89 −1.23±0.74 0.13 0.23 11
Experimental temperature manipulation 14–30◦C CR 67.60±14.43 −1.64±0.36 0.65 0.0009* 13
dependence of CRChl a (1.64±0.36eV) was not signiﬁ-
cantly different from those derived from in situ data (Table 4,
Fig.5),demonstratingconsistencybetweenexperimentaland
in situ relationships. Indeed, use of the Arrhenius linear re-
lationship derived experimentally from temperature manip-
ulations to predict the in situ values yields predicted values
consistent with the observed ones, with the slope of the rela-
tionship between observed and predicted CRChl a not differ-
ing signiﬁcantly from 1 (linear regression model II equation,
slope (±SE)=1.32±0.23).
4 Discussion
Plankton metabolism showed considerable variation along
the longitudinal sections examined in this study of the sub-
tropical North Atlantic Ocean. Plankton metabolism had
beenpoorlystudiedinthewesternbasinoftheNorthAtlantic
Ocean, as almost all rates reported for the northern subtropi-
cal Atlantic are derived from the eastern basin (Reguadie-de-
Gioux and Duarte 2012), except a few studies derived from
the Bermuda Atlantic Time-series Study (BATS) in the Sar-
gasso Sea (Williams et al., 2013). Indeed, the western and
eastern basins, separated by the Mid-Atlantic Ridge, differ
signiﬁcantly in key physical, chemical and biological proper-
ties, such as water temperature, chlorophyll a concentrations
and salinity (Sathyendranath et al., 1995; Li and Harrison,
2001). Our results show a longitudinal eastward decreasing
temperature gradient from warmer superﬁcial waters in the
western basin to a cooler eastern basin, with colder areas
supporting higher chlorophyll a concentrations. The lowest
chlorophyll a concentrations were found in the oligotrophic
subtropical North Atlantic Gyre region, and the highest rates
corresponded to waters of the northwest African upwelling
(González et al., 2002). The chlorophyll a concentration val-
ues were on average (0.22±0.02mgChl a m−3) within the
ranges previously reported for the North and South Atlantic
subtropical gyres (González et al., 2002; Teira et al., 2005).
Here we report a high temporal and spatial variability of
metabolicratesinthesubtropicalNorthAtlanticOcean.Such
variability can be due to atmospheric forcing (i.e., North
Figure 4. Arrhenius plots showing the relationship between Chl a-
speciﬁc average rates (a) CRChl a and (b) GPPChl a within 1◦C
binsandtheinvertedwatertemperature(1/kT,wherek istheBoltz-
mann’s constant, 8.617×10−5 eVk−1, and T is the water temper-
ature in ◦K) for legs 1, 2 and 3.
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Figure 5. Arrhenius plot showing the relationship between aver-
age Chl a-speciﬁc respiration rate within 1◦C bins and the inverted
water temperature (1/kT, where k is the Boltzmann’s constant,
8.617×10−5 eVk−1, and T is the water temperature in ◦K) for ex-
perimental temperature manipulations conducted during the spring
cruise as well as Arrhenius plots for winter, spring and summer
cruises for comparison.
Atlantic Oscillation), as interannual variability in pCO2 cor-
related with temperature and mixed-layer depth anomalies,
can affect the nutrient supply to the euphotic zone (Gruber et
al., 2002). Physical forcing mechanisms such as mesoscale
instabilities can act as important sources of organic carbon
(González et al., 2001) and nutrients (Garçon et al., 2001)
to the pelagic ecosystems in oligotrophic areas. Also, in-
trinsic factors, such as changes in phytoplankton community
structure and trophic dynamics (Serret et al., 2009) can inﬂu-
ence the variability of plankton community metabolic rates.
High temporal and spatial variability of metabolic rates be-
tween stations and cruises has been observed in the subtrop-
ical North Atlantic Ocean, with higher GPP and CR rates in
spring (González et al., 2002) and in the eastern basin, and
lower metabolic rates in winter and summer and in the west-
ern basin. During the spring season in the mid-latitude North
Atlantic Ocean, the westerly winds decrease and the solar ra-
diation increase, supporting the conditions for a phytoplank-
ton bloom (Harrison et al., 2001). Depletion of nutrients with
higher stratiﬁcation of the water column in summer leads to
a decrease in productivity and metabolic rates (González et
al., 2001), with a secondary bloom developing with the onset
of mixing during fall and a subsequent decrease of photosyn-
thetic rates with the reduction of solar radiation during winter
(Longhurst, 1998).
The subtropical North Atlantic Ocean showed a net
metabolic balance in this study, with a prevalence of au-
totrophy in 66% of the communities. The prevalence of
autotrophic conditions in the three cruises conducted is
in contrast to previous reports of a prevalence of het-
erotrophy in oligotrophic gyres (del Giorgio et al., 1997;
Figure 6. Mean±SE for (a) community respiration (CR), (b) gross
primary production (GPP)and (c)net community production(NCP)
(mmolO2 m−3 d−1)for each season (winter, springand summer) at
the three sampled depths (surface, 20%PAR and DCM).
Duarte and Agustí, 1998; Duarte et al., 2013) and for
the subtropical North Atlantic Ocean (Duarte et al., 2001;
González et al., 2002; Serret et al., 2002, 2006; Morán et al.,
2004; Aranguren-Gassis et al., 2011). However, some stud-
ies have also shown balanced metabolism (Williams, 1998;
www.biogeosciences.net/11/4529/2014/ Biogeosciences, 11, 4529–4540, 20144538 L. S. García-Corral et al.: Temperature dependence of planktonic metabolism
Aranguren-Gassis and Serret, 2012) or a prevalence of au-
totrophic communities (Kähler et al., 2010), leading to chal-
lenges in the view that oligotrophic regions of the ocean
support heterotrophic plankton communities (Williams et
al., 2013). These contrasting results may be due to interan-
nual variability in ocean metabolism, which has not been
assessed as of yet, but has been shown to be important in
driving variability in satellite-based primary production es-
timates (Behrenfeld and Falkowski, 1997) and in the inor-
ganic carbon cycle (Gruber et al., 2002). Alternatively, pre-
vious assessments were all based on the eastern basin of
the subtropical North Atlantic Ocean, which suggests pos-
sible differences across basins. The eastern basin of the
North Atlantic receives allochthonous organic carbon inputs,
both as production exported from the North African up-
welling (Pelegrí et al., 2005) and atmospheric inputs (Dachs
et al., 2005), which must, therefore, support balanced or
autotrophic metabolism. Sources of allochthonous organic
carbon and nutrients into the western basin are less evi-
dent, but mainly come from large rivers such as the Amazon
and Orinoco that discharge 70140km3 yr−1 of freshwater
into the Atlantic western basin (Franzinelli and Potter, 1983;
Lewis et al., 1990). An autotrophic status suggests either en-
hanced GPP or reduced inputs of allochthonous organic car-
bon (reduce CR), both contributing to positive NCP.
The metabolic theory of ecology (MTE, Gillooly et al.,
2001; Brown et al., 2004) predicts an increase in the
metabolic rates with increasing temperature, conﬁrmed for
planktoncommunities(López-Urrutiaetal.,2006;Regaudie-
de-Gioux and Duarte, 2012). Our results conﬁrm these ex-
pectations and show a clear temperature dependence of stan-
dardized chlorophyll a metabolic rates (GPP and CR) along
the temperature range measured (14 to 29 ◦C). Metabolic re-
sponses to temperature are dependent on the availability of
other resources, such as light, nutrients or organic matter,
to support autotrophic or heterotrophic metabolism (López-
Urrutia and Morán, 2007). Our results show that about 50%
of the variability in respiration rates among plankton com-
munities in the subtropical Atlantic Ocean can be accounted
for by temperature differences, conﬁrmed by the results of
our experimental temperature manipulations. This suggests
that whereas other resources may contribute to explain the
50% of the variability in respiration rates that cannot be ac-
counted for by temperature differences, the availability of re-
sources is still sufﬁcient to leave scope for metabolic con-
trol by temperature. The activation energy values for GPP
and CR were 2 to 4.5-fold higher than those reported by
Regaudie-de-Gioux and Duarte, 2012 (EaGPP = 0.32eV and
EaCR = 0.66eV), measured across a much wider tempera-
ture range (0 to 29 ◦C) across the ocean. The empirical acti-
vation energies for CR reported in this study showed consis-
tently higher values than those derived for Atlantic commu-
nities by López-Urrutia et al. (2006) (EaCR = 0.65eV) and
Regaudie-de-Gioux and Duarte (2012) (EaCR = 0.92eV),
those inferred from ETS activity (Arístegui and Montero,
1995; EaCR = 0.7044eV), and those observed for respira-
tion rates in aquatic ecosystems in general (Yvon-Durocher
et al., 2012; EaCR = 0.65eV).The results presented here also
conﬁrm a general higher activation energy for CR than GPP
in the subtropical North Atlantic Ocean, consistent with ex-
pectations from metabolic theory (Brown et al., 2004; Harris
et al., 2006; López-Urrutia et al., 2006) and previous global
analyses (Regaudie-de-Gioux and Duarte, 2012). However,
the experimental EaCR, at 1.64±0.36eV, was higher, al-
though not signiﬁcantly so, than the average (1.45±0.6eV)
determined through comparative analyses across communi-
ties, suggested that the temperature dependence of plank-
ton communities exposed to short-term temperature increase
overestimates that of communities pre-adapted to different
temperature regimes. Most importantly, our results show a
remarkable consistency between activation energies for res-
piration rates derived from the comparative analysis of in
situ rates, and those derived from experimental manipula-
tion of temperature. Hence, the temperature dependence of
planktonic metabolism reported here helps to explain spa-
tial and seasonal patterns in planktonic metabolism in the
open ocean. The North Atlantic Ocean constitutes the largest
ocean sink for atmospheric CO2 in the Northern Hemisphere
(Gruber et al., 2002), storing 23% of the global oceanic an-
thropogenic CO2, despite covering only 15% of the global
ocean area (Sabine et al., 2004). Long-term trends indicate
that the subtropical gyre of the North Atlantic Ocean is, at
present, acting as a signiﬁcant sink for anthropogenic CO2
(Bates et al., 2002). However, the results presented here show
that the metabolic balance of the subtropical North Atlantic
Ocean may be highly sensitive to warming. Assuming the
forecasted ocean warming of 1–3 ◦C by the end of the cen-
tury (IPCC, 2007), our ﬁnding of an increase in respira-
tion rates with warming suggests that the role of plankton
communities in the subtropical North Atlantic communities
as signiﬁcant CO2 sinks may be weakened substantially or
even revert to becoming CO2 sources to the atmosphere in
the future. This consistency conﬁrms the predictive power
of the metabolic theory of ecology to predict the responses
of plankton community metabolism to foretell negative feed-
backs of warming on the CO2 sink capacity of marine biota
(López-Urrutia et al., 2006), possibly shifting communities
(Lomas and Bates, 2004) toward a higher prevalence of het-
erotrophy across the subtropical North Atlantic.
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